To develop a global view of muscle transcriptional differences between older men and women and sex-specific aging, we obtained muscle biopsies from the biceps brachii of young and older men and women and profiled the whole-genome gene expression using microarray. A logistic regression-based method in combination with an intensity-based Bayesian moderated t test was used to identify significant sex-and aging-related gene functional groups. Our analysis revealed extensive sex differences in the muscle transcriptome of older individuals and different patterns of transcriptional changes with aging in men and women. In older women, we observed a coordinated transcriptional upregulation of immune activation, extracellular matrix remodeling, and lipids storage; and a downregulation of mitochondrial biogenesis and function and muscle regeneration. The effect of aging results in sexual dimorphic alterations in the skeletal muscle transcriptome, which may modify the risk for developing musculoskeletal and metabolic diseases in men and women.
D
EGENERATIVE changes in skeletal muscle are associated with an increased risk of physical disability and metabolic diseases such as type 2 diabetes in older individuals. The underlying molecular pathology may include mitochondrial dysfunction, insulin resistance, oxidative stress, proinflammatory state, and reduced neuronal stimulation (1, 2) . Many of these age-related changes in skeletal muscle appear to be influenced by sex. Although controversy exists regarding how sex influences each aspect of the aging process of skeletal muscle, sex differences have been reported in age-related loss of muscle mass and strength, that is, sarcopenia (3), decline of muscle insulin sensitivity (4, 5) , alterations in muscle fiber contractile properties and fatigue resistance (6) , elevation in oxidative stress (7) , the inflammatory response (8, 9) , as well as in the decline of mitochondrial content and activity (4, 10) . Thus, it is reasonable to postulate that the aging of muscle is regulated through different mechanisms in men and women (11) . A better understanding of the potential sexually dimorphic response to the aging of skeletal muscle would help us gain a greater insight into the different susceptibilities to musculoskeletal and metabolic diseases for men and women, and could thereby facilitate the development of tailored countermeasures to ameliorate aging-related health problems.
The aging of skeletal muscle is complex involving multiple biological processes. Transcript profiling using microarrays is a powerful technique producing an unbiased global view of the molecular events occurring during various physiological states. It has been used to study sex-related differences in gene expression in human skeletal muscle (12, 13) ; however, the impact of aging on sex differences in muscle has rarely been explored.
Therefore, the purpose of the present study was to use microarrays to establish a global transcriptional perspective of the aging process in skeletal muscle of men and women. In order to better differentiate the molecular events due to the biology of aging rather than changes in lifestyle, we chose to study arm muscle. Given that physical activity decreases with aging and most common activities (ie, walking, stair climbing) utilize lower body musculature, using arm muscle, rather than leg muscle may potentially reduce lifestyle-related bias. Indeed, it has been observed that muscle atrophy and loss of muscular strength with aging is greater in lower limbs than in upper limbs. As suggested by Janssen and colleagues (14) , a greater influence of aging on lower limbs can be attributed to the age-associated reduction in physical activity. They also suggested that sex differences in skeletal muscle are more striking in the upper limbs (14) . As such, studying arm muscle provided us more power to detect sex-specific biological processes associated with the aging of skeletal muscle.
By employing bioinformatic analytical methods that emphasize sensitivity, that is, an intensity-based Bayesian moderated t statistic (IBMT) (15) and a logistic regressionbased method (LRpath) (16), our findings provide new evidence for the existence of a sexual dimorphism in the aging process of skeletal muscle and may provide additional insight into the pathological processes associated with the development of metabolic diseases during aging.
Methods

Participants
Twenty-two young participants were recruited from a large project, Functional SNPs Associated with Human Muscle Size and Strength (17, 18) . Fourteen young men (n = 7) and women (n = 7) provided resting muscle biopsies from the biceps brachii. Similarly, 20 older men (n = 10) and women (n = 10) were recruited according to the same exclusion criteria, which included: (i) no chronic diseases, (ii) no prior resistance training history, and (iii) no medications or dietary supplements, which may affect musculature. Among them, four older men and four older women volunteered to provide resting muscle biopsies from the biceps brachii. Individuals who had a job or daily activity that required repetitive use of their arms or had participated in weight lifting within 1 year before entering the study were also excluded. All older women were postmenopausal and not on hormone replacement therapy. Participant characteristics for the entire group (n = 42) are presented in Table 1 . The human subjects committee approved the study protocol and an informed consent was obtained from all participants before joining the study.
Measurement of Muscle Mass and Strength
Measurement of muscle cross-sectional area was obtained using magnetic resonance imaging and muscle volume was calculated. Details of this test can be found in a previously published article (18) . Isometric strength of the elbow flexor muscles of the dominant arm was determined using a specially constructed, modified preacher bench and strain gauge (model 32628CTL, Lafayette Instrument Company, Lafayette, IN). The testing protocol has been previously published elsewhere (18) . Briefly, the arm was positioned on the preacher bench with the elbow fixed at 90°. The lever arm of the preacher bench was aligned with the participant's forearm, and the participant's elbow was aligned with the center of rotation of the lever arm. The upper arm rested against a padded upper arm support producing an angle of approximately 45° between the trunk and upper arm. In order to isolate the elbow flexor, the participant was required to rest his or her chest against the preacher bench chest support with legs straight, heels on the floor, and the opposite arm resting on the legs. Participants pulled maximally against a fixed resistance. Three maximal contractions were assessed. Each contraction lasted 3 s, and a 1 min rest was allowed between contractions. An average of the peak force produced during the three contractions was used as an indicator of the strength of the biceps muscle.
Muscle Collection and RNA Isolation
Muscle tissue samples were obtained from the biceps brachii of the dominant arm of 8 older and 14 young participants for the purpose of studying the muscle transcriptome. The tissue collection was conducted in the morning with participants in the postabsorptive resting state. The participants were instructed to refrain from any exercise using their dominant arm throughout the study. A percutaneous needle biopsy technique using a ¼ inch diameter University College Hospital (UCH) biopsy needle was applied. All biopsy samples were immediately weighed and snap frozen in liquid nitrogen-cooled isopentane, and stored at −80°C for subsequent analyses. RNA preparation, quality control, and cDNA synthesis have been previously described (13) . Briefly, total RNA was extracted from frozen tissue with a polytron homogenizer (Brinkman, Westbury, NY) and Trizol reagent (Invitrogen, Rockville, MD) and purified with an RNeasy kit (Qiagen, Santa Clara, CA). Total RNA was used as a template for double-stranded cDNA synthesis (Superscript DoubleStranded cDNA synthesis kit, Invitrogen, Carlsbad, CA). Biotin-labeled cRNA was generated for microarray hybridization (EnzoBioarray High Yield RNA transcription Labeling Kit, Affymetrix, Santa Clara, CA).
Microarray Analysis
Microarray preparation and data processing were previously described in detail (13) . Briefly, biotin-labeled cRNA was hybridized to Affymetrix Human Genome U133 Plus 2.0 arrays according to the manufacturer's instructions. Following hybridization, the probe arrays were washed and stained. The intensity of bound dye was measured with an argon laser confocal scanner (GeneArray Scanner, Agilent), and the stored images were analyzed using the GeneChip software Microarray Analysis Suite 5.0 (Affymetrix). Overall 54,675 probe sets representing 20,080 annotated genes were profiled.
Cell intensity files were generated using Microarray Analysis Suite 5.0. The array quality was confirmed by using the R package affyQCreport to generate quality control reports from the cell intensity files. Raw intensity values of all samples were preprocessed and normalized by robust multi-array average procedure using Bioconductor in R. Differentially expressed genes were tested with an IBMT (15) . IBMT is similar to other methods that employ hierarchical Bayesian models to test the differential expression of genes obtained from microarray studies. These methods resolve the problem of poor estimation of the variance from gene expression due to a small sample size in most microarray studies. Rather than considering each gene/ probe separately, these Bayesian modified approaches pool information across all expressed genes to achieve a more accurate and stable variance estimation, thus improving the results of the tests (15) . IBMT is further strengthened, compared with other previously developed methods, by incorporating the well-documented information about the dependence of the variance of genes on expression intensity levels (ie, the larger variance often seen in genes with lower transcript expression levels). The advantages of IBMT in processing microarray data from a limited number of samples have been established in previous studies (13, 15) . The data discussed in this study have been deposited in the NCBI Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/ geo/) website and are accessible through Gene Expression Omnibus Series accession number GSE38718.
Microarray Validation
Our lab has been using the microarray technique to study human biceps brachii. We have completed projects related to sex differences, and the acute and chronic exercise responses, and have published the relevant data elsewhere (13, 19) . In those studies, we employed the same techniques and protocols in both the experimental procedures and data analysis as utilized within the current project. The validity of the microarray data has been confirmed using quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) in a series of experiments (13, 19) . In the present study, the quantity of muscle from biopsy samples of the older adults was not sufficient for the additional qRT-PCR experiment. However, young muscle samples were previously analyzed using qRT-PCR for 10 genes including IGF1, IRS2, VEGFA, KDR, DUSP1, PPARGC1, FBXO40, SMAD3, ALDH2, and PFKFB3, and the consistency between microarray and qRT-PCR has been evidenced by the same pattern of differential expression of all selected genes between young men and women (13) . We retrieved qRT-PCR data of the young muscle samples included in the present study for nine genes (PFKFB3 was excluded due to incomplete data). The consistency between qRT-PCR and microarray was analyzed by assessing the correlation between mRNA levels measured using two methods (Figure 1 ). Detailed experimental procedures used for qRT-PCR can be found in a previous publication (13) .
Functional Gene Networks and Pathway Analysis
Enriched Gene Ontology (GO) terms (20) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (21) were tested by a LRpath (13, 16) . Enriched GO terms/ KEGG pathways were defined as those having a false discovery rate less than 0.01. We used a directional LRpath test to distinguish between upregulated and downregulated gene groups with −log(p value) calculated if the fold change is up and +log(p value) if the fold change is down.
Directly related GO terms that had considerable overlap in identified genes were considered redundant. The strategy to reduce redundancy is similar to that reported previously (13) . Briefly, if only the child and parent term were enriched for a similar group of genes, the child term was retained; if the sibling terms and parent term were all involved, the more generalized parent term was retained.
Statistical Analysis
The physical characteristics of participants were compared between young and older groups for each sex and between men and women for each age group using an independent t test. Differentially expressed genes were tested using IBMT, and enrichment analysis for GO terms and KEGG pathways was conducted using LRpath. Multiple testing correction was performed using the Benjamini-Hochberg false discovery rate approach to calculate q values (22, 23) , and significantly enriched concepts (GO or KEGG) were defined as having a q value less than 0.01.
To validate the microarray data, a correlation was tested for mRNA levels measured by the microarray and qRT-PCR for nine genes using Pearson's correlation. For the genes represented with multiple probes in the microarray, the probe with the highest average signal intensity (generally associated with lower error) was used. IBMT and LRpath were performed using R. All other analyses were conducted using SAS 9.1 (SAS Institute, Cary, NC).
Results
Participant Characteristics
Characteristics of all participants, including those who did and did not provide a muscle biopsy, are presented in Table 1 . The biopsied participants, compared with those not biopsied, did not differ significantly in any measurement obtained. Compared with the women of the same age group, men were significantly taller and heavier, and had greater arm muscle strength and muscle quality (defined as muscle strength per square centimeter of muscle crosssectional area). Compared with the young, older participants were significantly older, and had lower arm muscle strength and muscle quality. The body mass index of the older participants was higher than the young, but only reached significance in men.
Sex-Based Differential Gene Expression in Older Adults
Compared with older women, older men had higher transcript levels of genes involved in 81 GO terms and 8 KEGG pathways with false discovery rate less than 0.01, and they consistently represented four overriding biological themes including (i) mitochondrial structure and function (oxidative phosphorylation), (ii) muscle structure and movement, (iii) muscle protein catabolism, and (iv) gene transcription and translation (Supplementary Table 1) . Genes with lower transcript levels in older men (or higher levels in older women) enriched 41 GO terms and 6 KEGG pathways, and these gene functional groups consistently reflected three overriding biological themes including (i) inflammatory response and immune function, (ii) lipids synthesis and storage, and (iii) extracellular matrix (ECM) and cytoskeleton development and organization (see Supplementary Table 1) .
Age-Based Differential Gene Expression in Women
Compared with young women, older women had higher transcript levels for genes involved in 113 GO terms and 4 KEGG pathways, and these gene functional groups reflected six biological themes including (i) immune function, (ii) ECM remodeling, (iii) G-protein coupled receptor signaling, (iv) lipids storage, (v) tissue development, and (vi) neurological system process. Genes showing decreased expression in older women enriched 125 GO terms and 11 KEGG pathways, and they reflected four biological themes including (i) mitochondrial structure and function, (ii) muscle protein remodeling, (iii) gene transcription and Figure 1 . Correlation between quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) and microarray data for transcript levels of nine genes. Each diamond represents one gene. mRNA levels (n = 7) were expressed as ratio relative to the mRNA levels of B2M, the internal control gene, for both qRT-PCR and microarray. translation, and (iv) muscle development. The full list of the significantly regulated GO terms and KEGG pathways are included in Supplementary Table 2 .
Age-Based Differential Gene Expression in Men
Compared with young men, older men had higher transcript levels for genes involved in 38 GO terms and 2 KEGG pathways, and they reflected three biological themes including (i) gene transcription and translation, (ii) neurological system process, and (iii) ion channel activity. The downregulated genes in older men enriched 10 GO terms and 1 KEGG pathways, but no consistent biological themes were reflected. The full list of the significantly regulated GO terms and KEGG pathways are included in Supplementary  Table 3 .
Discussion
At present, reports on sex-based differences in the aging process of human skeletal muscle have been inconsistent, and a comprehensive investigation at the cellular and molecular level has been lacking. In the present study, we examined the global gene transcription profile of the biceps brachii of older men and women and identified extensive sex differences in the muscle transcriptome. The muscle transcriptional patterns associated with older women suggest that compared with their male counterparts, they are more predisposed to muscle degeneration including loss of mitochondrial content and mitochondrial dysfunction, muscle inflammation and fibrosis, and lipids infiltration. In order to understand the nature of the observed sex-based differential gene expression in the muscle of older adults, we further compared the muscle transcriptome of the older with that of young individuals within each sex. The withinsex analysis revealed that the majority of the sex-based differences were driven by the aging-associated transcriptional changes in women (Figure 2 ).
Sex differences in age-related muscle loss and degeneration have been documented in both humans and animals. Many studies (24, 25) , but not all (26) , have reported that males experience a greater loss of muscle mass and strength with aging (ie, sarcopenia). However, data on the prevalence Figure 2 . Clustered Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways significantly enriched for differentially expressed genes in older men vs old women (OM vs OW), in older women vs young women (OW vs YW), and in older men vs young men (OM vs YM). The 456 GO terms/KEGG pathways significantly enriched in any of the three comparisons were included. The red color indicates upregulation in older men vs older women for the first column, and upregulation in older vs young muscle for the second and the third columns; the green color indicates downregulation in older men vs older women for the first column, and downregulation in older vs young muscle for the second and the third columns. The −log10(p value) was used as the value for strength of enrichment. of functional limitation, disability, and frailty associated with sarcopenia indicate that women are more likely to suffer from these conditions (27, 28) . One explanation for the discrepancy between the sex preponderance in sarcopenia and the health conditions closely linked with sarcopenia is that the alteration of muscle "quality" during the aging process might be unfavorable to females. Baumgartner and colleagues (29) found among individuals aged 60 and older that fat-free mass decreased with age at nearly twice the rate in males as in females; however, body cell mass as a fraction of fat-free mass decreased significantly with age only in women, suggesting that active cell mass may be replaced by inert extracellular materials to a greater extent in females. There is also evidence indicating that with aging, females experience a greater decline in muscle force production and endurance (30) . In particular, for the elbow flexor muscles, Valour and colleagues (31) reported that maximal power and maximal shortening velocity decreased with aging and was more prominent in women. The microarray data from the present study support these reports indicating that at the transcriptional level, in comparison with older men, older women exhibited more discernable aging-associated transcriptional changes in skeletal muscle including an upregulation of the immune response and ECM remodeling, and a downregulation of mitochondrial structure and oxidative phosphorylation, all of which have been identified as common signatures of aging across multiple tissue types and species including rats, mice, and humans (32, 33) .
Reduced muscle mitochondrial function plays a key role in age-related muscle dysfunction. Our data, specifically, indicated that older women, compared with older men, had lower transcript levels of genes involved in mitochondrial structure, function and biogenesis including genes encoding various subunits of ATP synthase, cytochrome c oxidase, mitochondrial ribosomal proteins, and NADH dehydrogenase ( Table 2) . We believe that these sex-related muscle transcriptome changes occur with aging because a previous study from our lab (13) did not reveal such a sex-related feature in young skeletal muscle. On the contrary, we observed that genes related to lipid beta-oxidation had elevated expression levels in young women, which is consistent with the findings of others (34) . Notably, and in line with our findings, Boffoli and colleagues (10) found in orthopedic patients that the activity of mitochondrial electron transport complex III in skeletal muscle was significantly higher in young women than men, and declined sharply only in women with aging.
Oxidative stress and lipid synthesis and storage also showed a female-specific transcriptional upregulation with aging in our study. A dramatic upregulation was observed for the gene encoding adiponectin, ADIPOQ, which increased over 20-fold in older women compared with their younger counterparts, but did not change with aging in men. Adiponectin is an adipokine that exhibits insulin-sensitizing and anti-inflammatory properties. In obesity and diabetes, lipid toxicity and oxidative stress in skeletal muscle can induce the upregulation of ADIPOQ, which may potentially serve as a cellular protective mechanism (35) . Our finding that expression of ADIPOQ was drastically upregulated in older women might suggest a higher propensity to develop oxidative stress and ectopic lipid infiltration in muscle as they age. Interestingly, genes implicated in oxidative stress, such as caspase 6 and microsomal glutathione S-transferase 1 (MGST1), and genes involved in lipids storage, such as SCD, GPAM, and PPARG (Table 3) , were significantly upregulated with aging in women, but only minor or nonsignificant changes were observed in men. In support of our results, Barreiro and colleagues (7) found significantly elevated oxidative stress levels in the external intercostal of older women but not men; and Goodpaster and colleagues (36) reported a higher fat infiltration in older women than men, as indicated by lower attenuation of skeletal muscle in women. The age-related upregulation of genes involved in lipid synthesis and storage in skeletal muscle may be directly linked with insulin resistance in older women. For example, we observed a dramatic increase in SCD in older women (~12-fold) but not in older men. SCD encodes stearoyl-CoA desaturase, which is a rate-liming enzyme catalyzing the synthesis of monounsaturated fatty acids. SCD plays an important role in the regulation of skeletal muscle metabolism affecting insulin sensitivity, mitochondrial fatty acid beta-oxidation, and ceramide de novo synthesis in oxidative myofibers (37, 38) .
Consistent with transcriptional upregulation of oxidative stress and lipid deposition in the muscle of older women, genes involved in inflammation/immune function and ECM remodeling were also expressed at higher levels. Relevant to immune function, we observed over twofold increases in mRNA levels of C3, PLAT, TGFBR2, and TGFBR3 in older women and no change in older men compared with their younger counterparts. It has been suggested that women generally have lower levels of inflammation under various conditions and this state is maintained by estrogen levels before menopause; however, after menopause, due to the loss of estrogen protection, the disruption of the balance between proinflammatory and anti-inflammatory state manifests as a chronic inflammation in the body (8, 9) . The loss of estrogen in older women might also have a direct effect on the transcriptional regulation of ECM remodeling. In the skeletal muscle of monozygotic female twins discordant for hormone replacement therapy, hormone replacement therapy use has been associated with a lower expression level of genes involved in ECM-cell interaction (39) . In our study, subunits of major collagen subtypes in skeletal muscle including collagen I, III, and IV were overexpressed in older women, which is due to an agerelated upregulation in women but downregulation in men (Table 3) . Reports on the impact of aging on specific muscle collagen fiber types are scarce. Nevertheless, it is interesting that a similar age and sex response has been reported on collagen fiber types in vascular smooth muscle in monkeys (40) . The ECM and cytoskeleton are well known for their pivotal role in maintaining muscle structure and mechanical force transduction. In recent years, studies have indicated that the ECM also plays a central role in mediating resistance exercise-induced muscle hypertrophy (41) , and may also be linked with muscle insulin activity (42) . Overexpression of genes involved in immune activation and ECM remodeling, if translated into changes in proteins, might play a role in the declines of anabolic response and insulin activity in the skeletal muscle of older women.
Other remarkable transcriptional differences between aged skeletal muscle of men and women were also observed. In older men, overexpression of genes involved in gene transcription and translation, and muscle protein turn-over was observed. A similar finding has been previously made (12) , in which genes involved in transcription and translation showed higher transcript levels in the vastus lateralis of men than in women; however, though both young and older participants were included in their study, the impact of age on this sex difference was not analyzed. Our investigation and the findings from a previous study (13) from our lab suggest that the sex-related differences in this gene functional group undergo a pattern reversal with aging, that is, genes involved in transcription and translation are overexpressed in young women but overexpressed in older men, which may be due to an age-associated downregulation in women and an upregulation in men. Transcriptional upregulation of gene transcription and translation machinery in men might represent a compensatory mechanism in the muscle for the declined muscle protein synthesis and escalated muscle breakdown with aging. It seems that such a compensatory mechanism fails in older women. Downregulated expression of transcriptional and translational machinery may work synergistically with downregulation of muscle protein turnover, leading to the accumulation of nonfunctional muscle proteins with aging in women. Our study is not without limitations. First, our sample size was relatively small. However, to maximize the power of the study, we chose to use IBMT, a powerful analytic technique for use in studies with small sample sizes. A power analysis based on the comparison between older men and women indicated that we had enough power (85.8%) to detect a 1.5-fold change among 75% of all genes (α = 0.05). Higher power can be expected for the other within-sex analyses because the young groups had more samples (ie, n = 7 vs 4). Second, due to the limited amount of tissue biopsy collected, we were unable to measure protein markers for the relevant muscle phenotypes or examine muscle histological changes. Consequently, we were not able to directly relate age-and sex-based transcriptional changes with specific muscle phenotypes. However, transcriptional regulation represents the first and critical step in controlling gene expression and protein production, and we believe that studying global transcriptional changes is important to our understanding of the impact of aging and sex on muscle structure and function. Especially, when the transcript changes are observed for multiple genes in a coordinated fashion along a particular signaling pathway or across several interrelated biological processes, they likely represent mechanisms leading to overt phenotypic changes in the tissue. Similarly, after microarray experiments, we did not have sufficient samples left for all participants to run a complete confirmation analysis using qRT-PCR. However, we agree that the purpose of incorporating qRT-PCR in microarray study is to validate the overall dataset, and it is not feasible to experimentally evaluate our findings using individual genes. Consequently, using the samples from young participants, we demonstrated a high correlation between microarray and qRT-PCR. In addition, as mentioned earlier, we have utilized the same microarray methodology to study human biceps brachii and have observed a high consistency between microarray and qRT-PCR data in a series of experiments (13, 19) . Therefore, we are confident in the validity of our study methodology. Finally, due to the stringency of our study inclusion criteria, that is, recruiting "disease free" older participants for muscle biopsy, we chose not to exclude overweight but otherwise healthy (free from orthopedic injuries, cancer, thyroid disorders, arthritis, diabetes, and heart disease) participants from this study. As a result, we were unable to match older participants based on body mass index and subsequently our older men had slightly higher body mass index levels than older women. Nevertheless, this body compositional difference unlikely influenced the study results. Given that obesity is related to adverse changes in skeletal muscle, such as heightened oxidative stress and lipid deposition, one might expect that a higher body mass index in older men would result in more adverse skeletal muscle alterations in men than in women; however, this is contrary to what we observed. Although the influence of obesity may exist, the impact of sex and age on skeletal muscle appears to be more distinguishable. Therefore, we are confident that the transcriptional changes observed in this investigation are intrinsically related to sexspecific differences in the aging process of skeletal muscle. Our study is the first to provide global evidence for the presence of extensive sex differences in the aging process of human skeletal muscle. A strength of this study lies in our use of arm muscle rather than commonly used leg muscle. Arm muscle can potentially differentiate a true aging effect from that induced by changes in physical activity with aging (14) . In conclusion, our data suggest that transcriptional regulation likely plays a greater role in the aging process of skeletal muscle in women than in men, and older women may likely be more predisposed to dysfunctional declines in muscle with aging.
